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Abstract
Decay via proton emission of isobaric analog states (IAS’s) in 91Nb was studied using the 90Zr(α, t) reaction at Eα = 180
MeV. This study provides information about the damping mechanism of these states. Decay to the ground state and low-lying
phonon states in 90Zr was observed. The experimental data are compared with theoretical predictions wherein the IAS ‘single-
particle’ proton escape widths are calculated in a continuum RPA approach. The branching ratios for decay to the phonon states
are explained using a simple model.  2001 Published by Elsevier Science B.V.
PACS: 25.55.-e; 25.55.Hp; 23.50.+z; 21.60.Jz
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1. Introduction
The study of the decay of single-particle (s.p.) or
single-hole states gives insight into their damping
mechanisms. To expound on this, consider the width
of a s.p. state embedded in the continuum. This is usu-
E-mail address: berg@kvi.nl (A.M. van den Berg).
ally described by a width Γ = Γ ↑ +Γ ↓, where Γ ↑ is
the escape width and Γ ↓ is the spreading width. The
escape width is related to the direct decay by parti-
cle emission of a s.p. state. This width is small for
unbound states near the particle-decay threshold, but
increases rapidly as a function of excitation energy.
The spreading/fragmentation width is related to the
coupling of the state to more complex many-particle-
many-hole states, where the complexity increases up
0370-2693/01/$ – see front matter  2001 Published by Elsevier Science B.V.
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to statistical equilibrium. It is expected that the first
step in this damping mechanism is mediated via cou-
pling to a special class of particle–hole states, i.e., the
surface vibrations (phonon states) [1,2]. This mecha-
nism plays an important role at low excitation ener-
gies. From these phonon states, acting as a doorway,
coupling will take place to more complex states un-
til statistical equilibrium is reached. Valuable infor-
mation about the damping process and, therefore, on
the structure of the excited s.p. states can be obtained
by the experimental determination of the direct escape
width and the width for semi-direct decay to these
phonon states. Since isobaric analogs of s.p. states
have similar structure as the s.p. states in the parent nu-
cleus, the study of their decay will reflect the damping
mechanisms of the parent s.p. state, i.e., their coupling
to the continuum and its spreading/fragmentation.
In the seventies and eighties proton-stripping reac-
tions on medium-weight nuclei were used to study
IAS’s; see among others Finkel et al. [3,4]. Assume
for simplicity that the excess neutrons in a core nu-
cleus (Z,N) with N > Z fill exactly one complete
neutron subshell with spin j . An extra neutron (indi-
cated with ν) can be added in the next higher shell with
spin jν . Then the IAS of this ground state (g.s.) has a
simple structure. If one applies the isospin-lowering
operator to the g.s. wave function, one gets two com-
ponents: one part comes from the transition of the va-
lence neutron into the corresponding high-lying pro-
ton orbit and the second part comes from the tran-
sition of a neutron from the filled subshell into the
corresponding open proton orbit; thus forming a two-
particle-one-hole state. Note, the second part will only
be possible for a core where N > Z. It should be em-
phasized here that in the proton-stripping reaction on
the core nucleus (Z,N) populating the IAS in the nu-
cleus (Z + 1,N), only the first part will contribute to
the cross section.
The proton decay of the analog of a single-neutron
state of a ‘core-plus-valence-neutron’ in a parent nu-
cleus can be described in terms of the IAS s.p. pro-
ton decay populating the g.s. of the core nucleus.
Considerable efforts have been undertaken in the last
three decades to describe in a quantitative way the
s.p. proton widths of the IAS’s (see, e.g., Refs. [5,
6] and references therein). However, only in the last
decade the corresponding self-consistent continuum
random-phase approximation (CRPA) or continuum
Tamm–Dancoff approximation (CTDA) approaches
have been developed and applied to the closed-shell
[7–9] and to the ‘closed-(neutron)shell + valence-
neutron’ parent nuclei [7]. In Ref. [7], the CRPA ap-
proach taken in the form developed by Muraviev and
Urin [10] was used together with a phenomenological
mean field and the Landau–Migdal particle–hole inter-
action. The partial self-consistency condition, which
is a result of the approximate isospin-symmetry con-
servation in nuclei (see, e.g., Ref. [11]), was used by
Rumyantsev and Urin [7] who explained a number of
experimental data satisfactorily.
In the present work, the one-proton stripping (α, t)
reaction was studied to investigate the damping mech-
anism of IAS’s in a medium-weight nucleus. Because
the (α, t) reaction is Q-value mismatched, predomi-
nantly high-spin states were populated. First results of
this work have been reported elsewhere [12]. In addi-
tion to the population and decay of IAS’s, data were
also obtained for high-lying s.p. states in the same ex-
periment. Those data and a full description of the ex-
perimental procedure and data analysis will be pub-
lished elsewhere [13].
2. Experimental procedure and results
The measurement of the 90Zr(α, t) proton-stripping
reaction was performed at the Research Center for Nu-
clear Physics (RCNP). The beam energy used for the
reaction was 180 MeV and the triton ejectiles were
momentum analyzed using the Grand Raiden spec-
trometer [14]. The 90Zr target used in the experiment
was a metallic foil with a thickness of 1 mg/cm2 (98%
enrichment). For calibration purposes, a natural car-
bon target was used. Since the cross sections for excit-
ing high-spin states in this reaction peak at a scatter-
ing angle of 0◦, the spectrometer was set at 0.3◦ and
a solid angle of 1.6 msr was used. The direct beam
from the cyclotron was stopped inside the spectrom-
eter using a well-shielded beam dump. The protons
emitted from the excited states were detected in a 37-
element solid-state detector array, covering the back-
ward hemisphere in the angular range between 100◦
and 160◦. Each of these detectors was mounted at a
distance of 10 cm from the target, subtending a solid
angle of 15.4 msr. The excitation-energy region cov-
ered by the setting of the spectrometer ranged from 5
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to 20 MeV in 91Nb. This region was chosen, because
it covers the range of known IAS’s [3,4,15] and be-
cause the threshold for proton emission starts at an ex-
citation energy of 5.16 MeV. The energy calibration
of the tritons was made using the 12C(α, t) reaction at
the same bombarding energy. In this reaction, coinci-
dences with protons emitted from excited 13N nuclei
were measured. In Fig. 1, the energy of protons emit-
ted from the residual nuclei is plotted versus the exci-
tation energy in the relevant nuclei (upper panel for the
90Zr target, lower panel for the natural carbon target).
In the lower panel of this figure, one clearly recognizes
the decay of states in 13N to the g.s. in 12C. Strong
states in 13N are the Jπ = 5/2+ state at Ex = 3.55
MeV and the Jπ = 5/2−,7/2− state at Ex = 10.36
MeV. Both in the carbon target and in the 90Zr tar-
get, contaminations of 16O were present. In the region
of interest, these contaminations lead to the popula-
tion of the Jπ = 3/2+ state at Ex = 5.82 MeV in 17F.
With the use of these calibration spectra obtained from
the 12C(α, t) reaction, it was possible to identify in the
singles and coincidence spectra, the IAS’s in 91Nb. In
the upper panel of Fig. 1, the loci corresponding to
different final states in 90Zr are easily recognized and
indicated. Furthermore, the same figure shows the cal-
culated loci for the α→ t +p reaction induced on the
contaminants 12C and 16O.
Because of kinematics, the decay of excited states in
91Nb to the 90Zr g.s., and in the excitation-energy re-
gion beyond 10 MeV in 91Nb also to the 2+1 /5
−
1 dou-
blet in 90Zr, can be separated clearly from the reac-
tions induced on the contaminants in the target. A sin-
gles and a coincidence spectrum for the 90Zr(α, t) re-
action are shown in Fig. 2. The triton energy resolu-
tion was determined from the measured, but here not
shown, excitation spectrum for the population of low-
lying states in 91Nb to be 150 keV (fwhm) which is
much larger than the intrinsic width of the observed
IAS’s.
Comparing the singles and coincidence spectra, it is
clear that the large physical background observed in
the singles spectrum is reduced substantially because
of the detection of a coincident proton emitted in the
backward direction, i.e., the region where the breakup
process yields very small cross sections. Furthermore,
it is clear from the coincidence spectrum, that above
the neutron-emission threshold at an excitation energy
Fig. 1. (a) Measured proton energy versus the excitation energy in
91Nb for the 90Zr(α, t) reaction at Eα = 180 MeV and θt = 0.3◦ .
The solid lines indicate the calculated loci for the α → t + p
reaction induced on the oxygen and carbon contaminants leading
to the decay to their respective ground states. (b) Measured proton
energy versus the excitation energy in 13N for the C(α, t) reaction
at Eα = 180 MeV and θt = 0.3◦ .
of 12.05 MeV, the yields for coincidences with protons
drops significantly.
As the momenta for a triton ejectile and a pro-
ton emitted from a 91Nb nucleus were measured, it
is possible to determine the final-state energy Ef s =
Ex(
91Nb)− Ep − Sp −Er , where Sp and Er are the
proton separation energy and the energy of the re-
coiling 90Zr nucleus, respectively. The energy resolu-
tion achieved for the final-state spectra was 300 keV
(fwhm) which is not sufficient to resolve the 2+1 and
5−1 states in 90Zr, which are located at Ex = 2.19 and
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Fig. 2. (a) The singles triton spectrum for the 90Zr(α, t) reaction at
Eα = 180 MeV and θt = 0.3◦ . (b) The same spectrum as given in
(a), but requiring in addition a coincidence with a proton detected
at backward angles. Indicated are the IAS’s and peaks due to
contamination of the target with oxygen and carbon leading to states
in 17F at Ex = 5.82 MeV and 13N at Ex = 3.55 MeV, respectively.
2.32 MeV, respectively. As an example, Fig. 3 shows
the final-state energy spectrum for the decay of states
of 91Nb in the excitation-energy region between 11.85
and 12.20 MeV. Because the 37 proton detectors were
mounted in the backward hemisphere, in the angular
range between 100◦ and 160◦, it was possible to mea-
sure the angular correlation between the direction of
the protons emitted and the recoil axis of the excited
91Nb nuclei; see Fig. 4 for the decay of the peak at 12
MeV shown in Fig. 2(b).
The analog state of the Jπ = 5/2+ 91Zr g.s. is lo-
cated at Ex = 9.86 MeV in 91Nb [3]. Because of the
relatively small cross section, this IAS cannot be iden-
tified in the present singles spectrum. But in the co-
incidence data the nuclear continuum caused by other
processes is reduced substantially and, therefore, this
IAS is clearly seen in the coincidence spectrum; see
Fig. 1. Our data are consistent with earlier measure-
ments done by Finkel et al. [4] who find that the decay
of this state proceeds to the g.s. of 90Zr only. Since we
cannot determine the singles cross section for the pop-
ulation of this state, the absolute branching ratio and,
Fig. 3. Final-state spectrum after decay by proton emission from the
excitation-energy region in 91Nb between 11.85 and 12.2 MeV.
Fig. 4. Experimental (dots) and calculated (lines) angular correla-
tions for the decay from the 12 MeV IAS to different final states in
90Zr; (a) to the g.s., (b) to the 2+/5− states and (c) the 3− state.
The dominant l-values used for the calculated angular correlations
are listed in Table 1. Other allowed l-values for decay to the 3−
and 5− states are included in the fit presented, but these have minor
contributions and no effect on the extracted branching ratio.
therefore, the escape width cannot be deduced from
the present data.
For the higher lying IAS at Ex = 12 MeV, both
the singles cross section and the cross sections for
decay to the lowest states in 90Zr have been extracted.
Using the calculated angular correlations shown in
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Table 1
The weights |ac|2 of different components of the 11/2− parent state(s) in 91Zr deduced from the experimental data and calculated within the
coupled-channel approach; see Eqs. (3) and (4)
c decay channel expc [MeV] lc [h¯] bc Γ calcc (s.p.)a [keV] |ac |2 βL
Experiment Theory
Ψ (1) Ψ (2)
g.s. 6.90 5 0.12± 0.01 0.42 0.45± 0.03 0.26 0.01 –
5− 4.56 0 0.27± 0.05 2.90 0.14± 0.03 0.12 0.88 0.08
3− 4.16 2 0.33± 0.03 1.25 0.41± 0.10 0.62 0.11 0.20
a Obtained from Eqs. (1) and (3).
Fig. 4, the absolute branching ratios bc for the decay
by proton emission are obtained by integrating them
over 4π of the proton solid angle and dividing this
by the singles cross sections. The branching ratios
are listed in Table 1 together with the values for
the angular momentum lc transferred in the decay
channel. Note that the ‘isotropic’ angular correlation
for the decay to the 2+/5− doublet clearly indicates
that the predominant decay goes to the 5− state of this
doublet. Since the intrinsic width of this IAS cannot
be determined experimentally, the partial decay widths
Γc cannot be deduced from the present data. In view of
the present analysis, this peak at an excitation energy
of 12 MeV is assumed to be the Jπ = 11/2− state,
located at 12.07 MeV in 91Nb [15] and, therefore,
to be the analog of the Ex = 2.17 MeV state in
91Zr. Although other high-spin states at this excitation
energy in 91Nb might exist, e.g., a Jπ = 13/2− state
at Ex = 12.084 MeV [15], the ‘isotropic’ decay of the
peak at 12 MeV shown in Fig. 2 to the Jπ = 5− state
in 90Zr and the assumed 5h¯ momentum transfer for
the decay to the 90Zr g.s., substantiate this assumption
which is further supported by Finkel et al. [3,4] and by
the conclusions of Blok et al. [16] for the study of the
analog nucleus 91Zr.
3. Comparison with calculations
In the present work, we use the CRPA approach
developed by Moukhai et al. [17] which has been
applied recently [10] for the description of the IAS
s.p. proton decay in medium-heavy nuclei [18]. This
approach is equivalent to earlier work [7] but it is
simpler in practice. In agreement with Ref. [18],
we find that the proton pairing can be neglected in
the description of the decay of the IAS’s in 91Nb
by proton emission, provided that the proton-decay
energy  and the spectroscopic factor Sν for the
valence-neutron states are taken from experiment. 1
This assumption means that the calculated width
Γ calcc = Sexpν · Γ calcc (s.p.) with






can be compared with the corresponding experimental
one. Here, c = {lπ , jπ } represents the quantum num-
bers of the emitted proton with lπ = lν and jπ = jν ,
and Γ RPAc is the IAS s.p. width calculated within
the CRPA, taken at the calculated escape-energy  of
the proton. In Eq. (1), Pl() is the proton potential-
barrier penetrability (see, e.g., Ref. [19]) and Sexpν is
the experimental spectroscopic factor, while within the
CRPA Sν = 1. In case of the 91Zr parent nucleus we
take within the BCS model (see, e.g., Ref. [20]) the
proton pairing into account only to describe the proton
separation energy.
The results of the calculations given below have
been obtained with the use of the isoscalar part of the
nuclear mean field taken from Ref. [10] and it con-
tains four phenomenological parameters (two strength
parameters and two geometrical ones). The solution of
the BCS equations for the proton subsystem is found
1 Note that we do not use the convention C2S for the s.p.
spectroscopic factor, but rather Sν . For the IAS’s of 91Nb the isospin
Clebsch–Gordon coefficient is C2 = 1/11.
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Table 2
Calculated and experimental separation energies
Nucleus Sn [MeV] Sp [MeV]
Experiment Calculated Experiment Calculated
91Zr 7.19 7.11 8.70 8.55
91Nb 12.04 12.04 5.15 5.15
using only the proton s.p. bound states. The intensity
of the pairing forces for protons, Gp = 27/A MeV, is
chosen to reproduce the experimental proton-pairing
energy P exp(90Zr)= 1.15 MeV [21]. This intensity is
close to the one mentioned by Soloviev [20]. The ex-
perimental neutron and proton separation energies are
reproduced in our calculations provided that f ′ = 0.96
is chosen as the dimensionless amplitude of the isovec-
tor part of the Landau–Migdal particle–hole interac-
tion. This value of f ′ is close to the one used in ear-
lier work [7,17]. Thus, all model parameters are fixed.
In Table 2, the calculated and experimental separation
energies are listed for 91Zr and 91Nb.
Consider now the calculation of the parameters for
the IAS(5/2+), which is the analog of the g.s. of
91Zr. The Fermi strength function calculated for the
91Zr parent nucleus exhibits a narrow state with a
peak energy EIAS = 11.52 MeV with respect to the
g.s. of 91Zr. The state corresponding to the mentioned
IAS(5/2+) in 91Nb exhausts 96.5% of the Fermi
sum rule N − Z = 11. The calculated excitation en-
ergy of the state Ex = EIAS − Sn(91Zr) + Sp(91Nb)
is equal to 9.47 MeV. This value is in good agree-
ment with the experimental one, Eexpx = 9.86 MeV,
deduced from the 90Zr(3He, d) reaction [3]. The s.p.
proton escape width of the IAS(5/2+) calculated with
Eq. (1) is equal to 3.3 keV. In this calculation we use
the spectroscopic factor Sexpν (d5/2) = 0.95 [22] and




91Nb) = 4.71 MeV; (calc = 4.32 MeV, Γ RPAc =
1.7 keV). The calculated value agrees well with the
width Γ exp(2d5/2)= 4.0± 0.5 keV deduced from the
90Zr(p,p0) reaction [23].
The present analysis of the s.p. proton width of the
IAS(5/2+) in 91Nb is refined as compared with the
one given in Ref. [7]. In that work, the Coulomb mean
field was calculated in a non-consistent way and the
spectroscopic factor Sν = 0.86 was used. Neverthe-
less, the values of Γ (2d5/2) calculated presently and
in Ref. [7] differ little due to the partial cancellation
of the contributions to the width of the two mentioned
effects.
The proton decay of the IAS(5/2+) to the 2+
phonon state in 90Zr is preferred as compared to the
decay to the 5− and 3− states because the escaping
proton has a higher energy and the lowest angular
momentum (lc = 0). The preliminary calculations in
an extended CRPA yield that the partial width for the
decay to the 2+ state has a value of several eV. This is
in qualitative agreement with the experimental result
that the decay of the IAS(5/2+) to the g.s. of 90Zr
exhausts about 100% of the total proton width of this
IAS [4].
The IAS(11/2−) has an excitation energy Eexpx =
12.07 MeV [3]. The excitation energy of the corre-
sponding 11/2− parent state in 91Zr is 2.17 MeV
which is very close to the energy difference between
the IAS(11/2−) and the IAS(5/2+) in 91Nb. The spec-
troscopic factor of this parent state is S(1)ν = 0.37
(S(1)ν = 0.45) in Ref. [22] ([24]). Another 11/2− state
in 91Zr is located at an excitation energy of 2.32 MeV
and has a small spectroscopic factor S(2)ν (11/2−) =
0.05 [22]. The IAS of this state will, therefore, be
hardly excited in the present experiment.
We propose simple wave functions to describe some
of the measured properties of the IAS(11/2−) state
and the possible parent states in 91Zr:
Ψ (i)(11/2−)= ai1|1h11/2〉 + ai2|5− ⊗ 2d5/2〉
(2)+ ai3|3− ⊗ 2d5/2〉, i = 1,2.
The first term is due to the non-zero spectroscopic
factors of the 11/2− parent states, i.e., S(i)ν = |ai1|2.
In addition, one has to account for the measured
relative branching ratios for the proton decay of the
IAS(11/2−) to the 5−1 and 3
−
1 phonon states in
90Zr at
Ex = 2.32 and 2.75 MeV, respectively. For the parent
states, this is achieved by coupling a d5/2 neutron to
these negative-parity phonon states in 90Zr close in
excitation energy to that of the 11/2− states in 91Zr.
Using the wave function given by Eq. (2) and taking
only the IAS s.p. proton decay into account, we obtain
the following expressions for the partial proton widths
of the IAS(11/2−) for the decay to the g.s., and to the
5− and 3− states of the core nucleus:
Γ (g.s.)= |a1|2Γ calc1 (s.p.), subscript 1: 1h11/2, exp1 ,
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Γ (5−)= |a2|2Γ calc2 (s.p.), 2: 2d5/2, exp2 ,
(3)Γ (3−)= |a3|2Γ calc3 (s.p.), 3: 2d5/2, exp3 ,
where the subscript c for the calculated s.p. width
Γ calcc (s.p.) means that this width is calculated using
the indicated s.p. quantum numbers and the experi-
mental escape-energy exp. The results of the calcu-
lations are given in Table 1. The calculated s.p. widths
Γ calcc (s.p.) are used to find the experimental proba-
bilities |ac|2 by comparing the relative experimental
branching ratios Γ (c)/Γ (c′) and by using the condi-
tion that
∑3
c=1 |ac|2 = 1.0. The resulting values for|ac|2, which are obtained from the present experi-
ment are listed in Table 1. The value of the quantity
|a1|2 = 0.45± 0.03 is in good agreement with the ex-
perimental spectroscopic factor of the 11/2− parent
state Sν(1h11/2)= 0.37 [22], Sν(1h11/2) = 0.45 [24].
The analysis of the experimental data on proton decay
of the analog of the rather complicated 11/2− parent
state in 91Zr is found to be reasonable.
Theoretical evaluation of probabilities |ac|2 could
be an additional argument to judge the validity of
the analysis. Such an evaluation can be done in a
coupled-channel approach using phenomenological
one-phonon transition potentials, which are expressed
via the dynamic-deformation parameter βL and the
nuclear mean field for neutrons Un(r) (see, e.g., Ref.
[25]). Let ν0 and ν1 be the set of quantum numbers
for the 2d5/2 and 1h11/2 states, respectively; let Lπ
and π = (−1)L be the phonon angular momentum and













Here, R is the nuclear radius, 〈(ν1)||YL||(ν0)〉 is the
reduced matrix element and r−1χν(r) are the neutron
bound-state radial wave functions. Using the model
parameters fixed previously and values for βL from
Ref. [26] listed in Table 1, we find: V L=5ν1ν0 = 0.37
MeV and V L=3ν1ν0 = 1.51 MeV. The last matrix ele-
ment is comparable to the energy difference between
the 1h11/2 s.p. state (Ecalcx = 4.40 MeV) and the
configuration (3− ⊗ 2d5/2)11/2− (Eexpx = 2.75 MeV).
This means that at least one of the two states of
Eq. (2) can have a rather large admixture of the h11/2
s.p. state (i.e., a rather large spectroscopic factor). In
fact, we have a three-level problem with known ba-
sis states having the mentioned energies and with only
two non-zero coupling matrix elements. The solution
of this problem gives three 11/2− states with ener-
gies Ecalcx = 1.78, 2.36 and 5.32 MeV. The calculated
squared amplitudes |ac|2 for the wave functions Ψ (1,2)
of the two states with the lowest excitation energies
are given in Table 1. The 11/2− state at Ecalcx = 1.78
MeV should be assigned to the 11/2− parent state at
Ex = 2.17 MeV, because the calculated and experi-
mental spectroscopic factors for this state are at least
in qualitative agreement. For the same reason, the sec-
ond 11/2− state at Ecalcx = 2.36 should be assigned to
the 11/2− state in 91Zr at Ex = 2.32 MeV. It should
be remarked that the above analysis of the structure of
the 11/2− states in 91Zr at Ex ∼ 2 MeV can be consid-
ered only as qualitative because rather schematic one-
phonon transition potentials have been used. A more
detailed investigation can be made, for instance, in
the quasiparticle-phonon model [27]. Nevertheless,
the performed analysis unravels the main structure of
these states. Increasing the number of basis states by
taking into consideration the 1g7/2 and 3s1/2 single-
neutron states in addition to the 2d5/2 state changes the
calculated probabilities |ac|2 and partial proton widths
of the lowest two IAS(11/2−) only slightly. However,
such an increase could lead to a strong fragmentation
of the strength of the third IAS(11/2−) at higher ex-
citation energies, which is presumably the reason why
no third 11/2− state was observed in the experiment.
4. Conclusion
The one-neutron pickup spectroscopic factor Sν of
the 11/2− parent state in 91Zr found in the present
analysis is in agreement with the values found in Refs.
[22,24]. The assumed structure of the 11/2− parent
state is qualitatively confirmed by the calculations
within the coupled-channel approach. The abilities
of the continuum-RPA approach are also checked by
the description of the partial proton width of the
IAS(5/2+) in 91Nb for the decay to the g.s. of 90Zr.
The present analysis shows that the character of the
IAS(5/2+) and its parent state, i.e., the g.s. of 91Zr,
is a pure 2d5/2 s.p. state coupled to the core nucleus
8 H.K.T. van der Molen et al. / Physics Letters B 502 (2001) 1–8
90Zr. The IAS(11/2−) in 91Nb, however, is of a more
complex character; it consists of the combination of
a 1h11/2 s.p. state and a coupling of a 1d5/2 state to
low-lying negative-parity phonon states in 90Zr.
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